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We study the collision energy dependence of (anti-)deuteron and (anti-)triton production in the
most central Au+Au collisions at
√
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4 and 200 GeV, using the
nucleon coalescence model. The needed phase-space distribution of nucleons at the kinetic freeze-
out is generated from a new 3D hybrid dynamical model (iEBE-MUSIC) by using a smooth crossover
equation of state (EoS) without a QCD critical point. Our model calculations predict that the
coalescence parameters of (anti-)deuteron (B2(d) and B2(d¯)) decrease monotonically as the collision
energy increases, and the light nuclei yield ratio NtNp/N2d remains approximately a constant with
respect to the collision energy. These calculated observables fail to reproduce the non-monotonic
behavior of the corresponding data from the STAR Collaboration. Without including any effects of
the critical point in our model, our results serve as the baseline predictions for the yields of light
nuclei in the search for the possible QCD critical points from the experimental beam energy scan of
heavy ion collisions.
PACS numbers: 25.75.Ld, 25.75.Gz, 24.10.Nz
I. INTRODUCTION
One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio kσ2 of the katosis κ and variance σ2 of
the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2out−R2side) extracted from
two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around
√
sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N2d
of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around
√
sNN = 20
GeV [31].
Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-
sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.
Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d¯,
d), (anti-)triton (t¯, t) and (anti-)helium-3 (3H¯e, 3He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42, 43]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d¯)) and the
yield ratio of light nuclei, NtNp/N2d , both show a clear
non-monotonic energy dependence with a dip and a peak
around
√
sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 43], implying a dramatic change of the
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2speed of sound and a large relative density fluctuations of
nucleons associated with the QCD critical point [39, 44–
48]. For a better understanding of these observables and
evaluate their relations to critical behaviors, it is neces-
sary and timely to carry out baseline calculations without
including any critical fluctuations.
In this paper, we study the collision energy depen-
dence of light nuclei production at the RHIC BES en-
ergies based on the nucleon coalescence model using the
nucleon phase-space distributions that do not contain any
critical fluctuation effects. More specifically, nucleons
are first thermally produced and evolved to the kinetic
freeze-out of an expanding fireball described by the in-
tegrated hybrid approach iEBE-MUSIC with a dynamical
initial conditions (which has been specially developed for
heavy ion collisions at the RHIC BES program) [49–53].
With the obtained phase-space distributions of protons
and neutrons, we then implement the nucleon coalescence
model to calculate the yields of light nuclei [54–57]. Com-
pared to previous studies based on the thermal model or
a transport model without the partonic phase [39, 44–
47], our present hybrid model provides a more realistic
calculation for light nuclei production without the effect
of the QCD critical point, which can thus serve as more
reliable baseline results for the related measurements in
the experiments carried out in the RHIC BES program
to search for the QCD critical point.
This paper is organized as the following: Section II
briefly introduces the nucleon coalescence model and the
iEBE-MUSIC hybrid model. Section III presents and dis-
cusses results on the collision energy dependence of the
spectra and yield dN/dy of various hadrons and light nu-
clei, the coalescence parameters of (anti-)deuterons and
(anti-)tritons, and the particle yield ratios in the most
central Au+Au collisions at RHIC BES energies. Sec-
tion IV concludes the paper.
II. THE THEORETICAL FRAMEWORK
A. The coalescence model for light nuclei
production
In the coalescence model [54–57], light nuclei are pro-
duced by combining nucleons at their kinetic freeze-out
with probabilities calculated in the sudden approxima-
tion. The production probability for a (anti-)nucleus
of atomic number A consisting of Z (anti-)protons and
N (anti-)neuterons (A = Z + N) is given by the over-
lap of the Wigner function fA of the nucleus with the
phase-space distributions fp/p¯(xi,pi, t) of (anti-)proton
and fn/n¯(xj ,pj , t) of (anti-)neutrons [56, 57]:
dNA
d3PA
=
gA
Z!N !
∫
ΠZi=1p
µ
i d
3σiµ
d3pi
Ei
fp/p¯(xi,pi, ti)
×
∫
ΠNj=1p
µ
j d
3σjµ
d3pj
Ej
fn/n¯(xj ,pj , tj)
×fA(x′1, ...,x′Z ,x′1, ...,x′N ;p′1, ...,p′Z ,p′1, ...,p′N ; t′)
×δ(3)
PA − Z∑
i=1
pi −
N∑
j=1
pj
 , (1)
where gA = (2JA + 1)/[ΠAi=1(2Ji + 1)] is the statistical
factor for A nucleons of spins Ji to form a nucleus of
angular momentum JA. The coordinate and momentum
of the i-th nucleon in the fireball frame are denoted by xi
and pi, respectively. Their coordinate x′i and momentum
p′i in the Wigner function of the produced nucleus are
obtained by Lorentz transforming the coordinate xi and
momentum pi to the rest frame of the nucleus.
In this paper, we focus on investigating the collision
energy dependence of the production of (anti-)deuterons
and (anti-)tritons in the RHIC BES program. Following
Ref. [56], the Wigner functions of (anti-)deuterons and
(anti-)tritons are taken to have the forms [58]
f2(ρ,pρ) = 8 exp
[
−ρ
2
σ2ρ
− p2ρσ2ρ
]
, (2)
and
f3(ρ,λ,pρ,pλ)
= 82 exp
[
−ρ
2
σ2ρ
− λ
2
σ2λ
− p2ρσ2ρ − p2λσ2λ
]
, (3)
respectively. Here the relative coordinates ρ and λ, and
the relative momenta pρand pλ are defined as:
ρ =
1√
2
(x′1 − x′2), pρ =
√
2
m2p
′
1 −m1p′2
m1 +m2
,
λ =
√
2
3
(
m1x
′
1 +m2x
′
2
m1 +m2
− x′3
)
,
pλ =
√
3
2
m3(p
′
1 + p
′
2)− (m1 +m2)p′3
m1 +m2 +m3
, (4)
with mi, x′i and p′i being the mass, coordinate and mo-
mentum of nucleon i, respectively. The width parameter
σρ in Eq. (2) is related to the root-mean-square charge
radius of the nucleus of two constituent nucleons via [58]
〈r22〉 =
3
2
|Q1m21 +Q2m22|
(m1 +m2)2
σ2ρ =
3
4
|Q1m21 +Q2m22|
ωm1m2(m1 +m2)
(5)
with Q1 and Q2 being the charges of the two nucleons,
which provides the relation σρ = 1/
√
µ1ω in terms of the
oscillator frequency ω in the harmonic wave function and
the reduced mass µ1 = 2(1/m1+1/m2)−1. The width pa-
rameter σλ in Eq. (3) is related to the oscillator frequency
3by σλ = 1/
√
µ2ω with µ2 = (3/2)[1/(m1+m2)+1/m3]−1.
Similarly, its value is determined from the oscillator con-
stant via the root-mean-square charge radius of the nu-
cleus with three constituent nucleons, which is expressed
as [58]
〈r23〉 =
1
2
|Q1m21(m2 +m3) +Q2m22(m3 +m1) +Q3m23(m1 +m2)|
ω(m1 +m2 +m3)m1m2m3
, (6)
where Q1, Q2 and Q3 are the charges of the three nucle-
ons.
For the production of triton, we consider the two pro-
duction channels of p + n + n → t (3-body process) and
d + p → t (2-body process). Here the deuteron in the
latter process is treated as a point-like particle with its
phase-space distribution given by that obtained from the
coalescence of protons and neutrons. Note that the final
triton yield should be the summation over the 2-body
and 3-body processes under the assumption that the coa-
lescence processes occur instantaneously and monodirec-
tionally [56, 57]. Alternatively, if one assumes that the
triton yield in the coalescence model using nucleons from
a thermally and chemically equilibrated emission source
is the same as in the statistical model with the triton
binding energy neglected, then the two coalescence pro-
cesses p+n+n→ t and d+p→ t would give the same tri-
ton yield [44]. In this case, only one of the two processes
should be considered in the coalescence model. In this
work, we will quantify triton production from the 2-body
and 3-body processes separately. Because of the very
small number of (anti-)deuterons and tritons produced in
heavy ion collisions, the protons and anti-protons partici-
pating in the coalescence processes have negligible effects
in calculating the final (anti-)proton spectra.
TABLE I provides the statistical factors and the val-
ues of the width parameters in the Wigner functions for
deuterons and tritons as well as the empirical values of
their charge radii and the resulting oscillator constants.
TABLE I: Statistical factor (g), charge radius (R), oscilla-
tor frequency (ω) and width parameter (σρ, σλ) for (anti-
)deuteron and (anti-)triton. Charge radii are taken from
Ref. [59].
Nucleus g R (fm) ω (sec−1) σρ, σλ (fm)
p+ n→deuteron 3/4 2.1421 0.1739 2.473
p+ n+ n→triton 1/4 1.7591 0.3438 1.759
d+ n→ tritin 1/3 1.7591 0.2149 1.927
B. The iEBE-MUSIC hybrid model for collision
dynamics and particle production
For the phase-space distributions of (anti-)protons and
(anti-)neutrons used in the coalescence model calcula-
tions of light (anti-)nuclei production at RHIC BES en-
ergies, we employ the iEBE-MUSIC hybrid model [60] to
describe the collision dynamics until the kinetic freeze-
out. iEBE-MUSIC is a generic event generator to simulate
the QGP collective dynamics and soft hadrons produc-
tion in relativistic heavy-ion collisions. At the RHIC BES
energies, this hybrid model uses a 3D Monte-Carlo (MC)
Glauber initial condition to dynamically deposit energy,
momentum, and net baryon densities into the evolving
fluid system as the two colliding nuclei are penetrating
through each other [49, 51]. The collective expansion of
the QGP fireball and the evolution of the conserved net-
baryon current are simulated by a (3+1)D viscous hydro-
dynamic model MUSIC [52, 61–64]. As the QGP expands
and transitions to the dilute hadronic phase, the fluid
dynamic description is switched to a microscopic hadron
cascade model, UrQMD [65–67], to simulate the succeeding
evolution and decoupling of the hadronic matter.
More specifically, the dynamical initial condition is
simulated by the 3D Monte-Carlo Glauber model on an
event-by-event basis [49], and the space-time and momen-
tum distributions of the initial energy-momentum ten-
sor and net baryon charge current are provided by the
classical string deceleration model [49, 68]. In order to
reproduce the pseudo-rapidity distributions of charged
hadrons for Au+Au Collisions at
√
sNN = 7.7 − 200
GeV, we use the parameterized rapidity loss function
given in Ref. [53]. We further introduce additional
baryon charge fluctuations according to the string junc-
tion model [69, 70], which helps to achieve a good de-
scription of the measured rapidity distributions of net
protons. The detailed implementation of this initial con-
dition model and systematic phenomenological impacts
will be reported in an upcoming work [70].
With such dynamical initial conditions, the hydro-
dynamic equations for the evolution of the energy-
momentum tensor and the net baryon current are then
solved with the inclusion of source terms [49]. Here we
use a crossover type of EoS (NEOS-BQS) for the QCD mat-
ter at finite chemical potentials, constructed with recent
lattice QCD results [71–75]. This EoS is obtained by im-
posing the strangeness neutrality condition of vanishing
net strangeness density, ns = 0, and setting the net elec-
tric charge-to-baryon density ratio to nQ = 0.4nB [75].
Note that this EoS does not contain a QCD critical point
since the model calculations in this paper aim to provide
4clean baseline results without any effects from critical
fluctuations for the related measurements of light nuclei
at the RHIC BES program. We leave the study of the
influence of a critical point or critical fluctuations to fu-
ture works. Following Refs. [53, 75], we only consider
the shear viscous effects in the hydrodynamic evolution
with the specific shear viscosity set to a constant value
ηT
e+P = 0.08. The shear stress tensor is evolved according
to a set of relaxation type of equations up to the sec-
ond order in spatial gradients [52, 76]. For simplicity,
the effects from bulk viscosity and charge diffusion are
neglected in this work.
In iEBE-MUSIC, the Cooper-Frye particlization of the
fluid cells is performed on a hyper-surface with a constant
energy density of esw =0.26 GeV/fm3 using the open-
source code package iSS [77, 78]. The produced hadrons
are then fed into the hadron cascade model, UrQMD, for
further scatterings and decays until their kinetic freeze-
outs. Finally, we obtain the freeze-out phase-space dis-
tributions of nucleons for the coalescence model calcula-
tions.
A quantitative coalescence model calculation for light
nuclei production requires realistic phase-space distribu-
tions of nucleons at the kinetic freeze-out [81, 82]. There-
fore, it is necessary to achieve a good description of the
identified particle 〈pT 〉 and pT -spectra. Here, we em-
phasize that the iEBE-MUSIC hybrid model employed in
this paper can capture both the longitudinal and trans-
verse dynamics of the collision system. This hybrid
model has achieved a consistent description of soft par-
ticle production in the most central Au-Au collisions at√
sNN = 7.7− 200 GeV, as demonstrated in Ref. [53, 83]
and Fig. 5 in the Appendix. The description of vari-
ous flow observables within the iEBE-MUSIC hybrid model
will be reported in the upcoming works [70].
III. RESULTS
In this section, we study the transverse momentum
spectra and particle yield dN/dy at mid-rapidity, coa-
lescence parameters A−1
√
BA (A = 2, 3) and yield ra-
tios of light (anti-)nuclei in 0-10% Au+Au collisions at√
sNN =7.7, 11.5, 19.6, 27, 39, 62.4, and 200 GeV. Simu-
lation results are calculated from the coalescence model
using the phase-space distributions of (anti-)protons and
(anti-)neutrons generated from the iEBE-MUSIC hybrid
model.
A. Transverse Momentum Spectra and dN/dy
Figure 1 shows the transverse momentum spectra of
(anti-)protons, (anti-)deuterons and tritons in the most
central (0-10%)1 Au + Au collisions at
√
sNN = 7.7,
11.5, 19.6, 27, 39, 62.4, and 200 GeV. For the spec-
tra of protons and anti-protons2, the iEBE-MUSIC hybrid
model gives a quantitative description of the measured
data below 2.5 GeV, but slightly underestimates the data
above 3 GeV. At the high pT region, the quark recom-
bination process [84–89], not included in the Cooper-
Frye particlization, gradually becomes important. With
the phase-space distributions of (anti-)protons and (anti-
)neutrons at kinetic freeze-out, we calculate the spectra
of (anti-)deuterons and tritons using the nucleon coales-
cence model. As shown with the blue solid and dotted
lines in Fig. 1, our model calculations nicely reproduce
the pT -spectra of deuterons and anti-deuterons measured
by the STAR Collaboration over a wide range of colli-
sion energies. The good theoretical descriptions extend
to higher pT at higher collision energies as a result of the
stronger hydrodynamic radial flow. The transverse mo-
mentum spectra of tritons are calculated using both the
p+ n+ n→ t (3-body) and the d+ p→ t (2-body) coa-
lescence processes. Our results from the 3-body process
reasonably describe the STAR data in Au+Au collisions
at
√
sNN = 7.7−39 GeV. Including the additional 2-body
channel would overestimate the triton yield by a factor
of 2. Hence our calculations indicate that triton yield at
RHIC BES is close to the thermal equilibrium, consistent
with the expectation from the statistical model [90, 91].
At
√
sNN = 62.4 and 200 GeV, the slopes of the calculated
triton pT -spectra are slightly harder than those of the
measured ones, which might be caused by the stronger
radial flow at
√
sNN = 62.4 and 200 GeV in our model
calculations.
Figure 2a shows the dependence of the mid-rapidity
particle yields for (anti-)protons, (anti-)deuterons, and
(anti-)tritons on collision energy. Our simulations quanti-
tatively reproduce the STAR measurements within 10%.
The final proton yields are larger at lower collision ener-
gies because of the interplay between the effects of baryon
charge transport and the thermal production of nucle-
ons. The 3D MC-Glauber model, with the dynamical
initialization scheme and string junction fluctuations for
net baryon charges, gives a realistic estimation of initial
baryon stopping. For the proton yields at lower collision
energies, the contributions from the initial baryon stop-
ping and baryon current evolution during the hydrody-
namic phase gradually overwhelms those from the ther-
mal production at particlization. The calculated dN/dy
1 Here, we cut the centrality bins in iEBE-MUSIC calculations ac-
cording to the impact parameter b in the initial state. The upper
limits for b are 4.60 fm, 4.61 fm, 4.62 fm, 4.65 fm, 4.67 fm, 4.68
fm, and 4.70 fm for 0-10% Au+Au collisions at
√
sNN = 7.7,
11.5, 19.6, 27, 39, 62.4, and 200 GeV, respectively.
2 The data on (anti-)protons for Au+Au collisions at
√
sNN =
7.7− 62.4 GeV are taken from the STAR measurements [79] and
those at
√
sNN = 200 GeV are taken from the PHENIX mea-
surements [80]. All data have been corrected by removing the
contributions from the weak decay feed-down.
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FIG. 1: (Color online) Transverse momentum spectra of (anti-)protons, (anti-)deuterons and tritons in 0-10% Au + Au collisions
at
√
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4, and 200 GeV. The data for (anti-)deuterons and tritons are taken from the STAR
Collaboration [31, 43, 79], and the data for (anti-)protons are taken from the STAR and PHENIX Collaborations [80].
of deuterons, (anti-)deuterons, tritons, and (anti-)tritons
also show a similar dependence on the collision energy,
which again gives a reasonable description of the STAR
data.
Figure 2b shows the energy dependence of the yield
ratios of light (anti-)nuclei to (anti-)protons. In general,
these calculated ratios agree with the measured data in
the most central Au+Au collisions at
√
sNN = 7.7− 200
GeV within a 20% accuracy. Our calculation overesti-
mates the d/p and d¯/p¯ ratios by 15% and 20%, respec-
tively. The coalescence model nicely reproduces the t/p
ratios with tritons produced from the 3-body process,
while underestimates the t/d ratios by 10%.
B. Coalescence Parameters and Light Nuclei Yield
Ratios
In the coalescence picture, the invariant yield of light
nuclei with the mass number A = Z +N is proportional
to the invariant yields of protons and neutrons according
to
EA
d3NA
dp3A
= BA
(
Ep
d3Np
dp3p
)Z(
En
d3Nn
dp3n
)A−Z
≈ BA
(
Ep
d3Np
dp3p
)A ∣∣∣
~pp=~pn=
~pA
A
, (7)
where ~pp,n are the proton and neutron momenta and Ep,n
are their energies. The coalescence parameter BA charac-
terizes the coalescence probability and is related to the ef-
fective volume, Veff, of the hadronic emission source [92–
94],
BA ∝ V 1−Aeff . (8)
Figure 3 shows the collision energy dependence of
the coalescence parameters B2(d), B2(d¯) and
√
B3(t) at
pT /A=0.65 GeV in the most central Au+Au collisions,
with A = 2 for (anti-)deuterons and A = 3 for tritons.
The measured B2(d) and B2(d¯) from the STAR collabo-
ration [43] show a non-monotonic dependence on the col-
lision energy with a dip located around
√
sNN = 20− 40
GeV, which might indicate a dramatic change of the equa-
tion of state in the produced matter at those collision en-
ergies [30, 43]. In contrast, our coalescence model calcula-
tions, using the phase-phase distributions of protons and
neutrons generated from the iEBE-MUSIC hybrid model
with a crossover EoS in the hydrodynamics, gives a mono-
tonically decreasing B2(d) and B2(d¯), which is because
the overall sizes of the emitting source of nucleons in-
creases monotonically with the collision energy in our
model. Also, our model overestimates the values B2(d)
and B2(d¯) by ∼50% for √sNN = 20− 62.4 GeV, because
our calculations overestimate the yield of deuterons by
10% while underestimate the proton yield by 15%. The
relative ratios between proton and deuteron yields are
sensitive to the phase-space distribution of nucleons at
the kinetic freeze-out. Therefore, the experimental mea-
surements of B2(d) and B2(d¯) can set strong constraints
on the spatial-momentum correlations of nucleons in the
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dN/dy of (anti-)protons, (anti-)deuterons, and (anti-)tritons
at mid-rapidity and (b) the particle ratio d/p, d¯/p¯, t/d, t¯/d¯,
t/p and t¯/p¯ in 0-10% Au + Au collisions. The experimen-
tal data for (anti-)protons, (anti-)deuterons, and tritons are
taken from [31, 43, 79, 80].
hadronic phase. In addition, the measured B2(d) and
B2(d¯) curves as functions of the collision energy show
a clear separation, while these curves from our calcu-
lations almost overlap. We note that these coalescence
parameters have recently also been studied in Ref. [95]
by using the iEBE-MUSIC hybrid model with the hadronic
transport model SMASH as the afterburner. Instead of
production from nucleon coalescence, (anti-)deuterons in
this study are treated as dynamic degrees of freedom
through the pion catalysis reactions pid ↔ pipN with
large cross sections. The resulting (anti-)deuteron yields
and spectra for the most central Au+Au collisions at√
sNN = 7 − 200 GeV. It was also found in this study
that the weak decay corrections to the proton spectrum
could lead to a minimum in the collision energy depen-
dence of the coalescence parameters B2(d) and B2(d¯).
As expected from Eq. (8), the calculated
√
B3(t) curve
shows a similar trend as the B2(d) curve, which mono-
tonically increases with the decrease of the collision en-
ergy. This is also consistent with the calculated flat
NtNp/(N
2
d ) described below. Note that our coalescence
model calculations with the 3-body process roughly de-
scribe the magnitude of the measured
√
B3(t) curve in
the most central Au+ Au collisions at
√
sNN = 7.7− 200
GeV, but not the non-monotonic behavior. In our cal-
culations, the values of B2(d¯/d) are larger than those
of
√
B3(t), which suggests that tritons and deuterons
are produced with different degrees of sensitivity to the
nucleon phase-space distributions in the coalescence pro-
cess. Including triton production from the 2-body co-
alescence process could increase the values of
√
B3(t),
which makes them closer to the values of B2(d¯/d) in our
calculations.
Recently, the yield ratio of light nuclei, NtNp/N2d , in
heavy ion collisions has been suggested as a good probe to
the neutron density fluctuation associated with the first-
order QGP to hadronic matter phase transition and the
possible critical point of the hot and baryon-rich QCD
matter [44, 45, 96, 97]. Figure 4 shows the NtNp/N2d
ratio as a function of the collision energy from the ex-
periments by the STAR Collaboration and from our co-
alescence model calculations. The measured NtNp/N2d
ratio shows a non-monotonic behavior with a peak lo-
cated around
√
sNN = 20 GeV [31], which might indicate
a non-trivial collision energy dependence of the baryon
density fluctuations [44, 45]. In contrast, the calculated
NtNp/N
2
d ratios for both cases of 2-body and 3-body co-
alescence processes are almost flat in their collision en-
ergy dependence, and this is due to the absence of any
non-trivial baryon density fluctuations associated with
the critical point as a result of using a crossover type
EoS in the iEBE-MUSIC hybrid model. As to the value
of the yield ratio, the sum of contributions from the two
coalescence processes is closer to that from the STAR
measurements for
√
sNN ≤ 62.4 GeV but overestimate
the 200 GeV data by a factor of 2.
Figure 4 further shows that values of the ratio
NtNp/N
2
d with tritons produced from the 2-body pro-
cess are larger than those with tritons produced from
the 3-body process in our model, which is a consequence
of the non-trivial spatial-momentum correlations in the
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nucleon phase-space distributions from our iEBE-MUSIC
hybrid model. It is shown in Ref. [98] that the yield ra-
tios from these two processes would be the same if the
nucleon phase-space distributions are uniform in the co-
ordinate space. We emphasis that our model does not
contain any effects from a critical point, which thus pro-
vides the non-critical baseline results for the yields of
these light nuclei in heavy ion collisions at the RHIC
BES energies. For a better explanation of the observed
non-monotonic behavior of NtNp/N2d , B2(d), B2(d¯) and√
B3(t) in their collision energy dependence, a dynamical
model with critical fluctuations or the effects of critical
point is required.
We note that our result on the yield ratio NtNp/N2d
is similar to those found in Ref. [39], which is based
on a simple phase-space coalescence model using nucle-
ons from the JAM hadronic cascade model [99] and in
Ref. [47], which is based on a coalescence model similar
to that in the present study with nucleons from a multi-
phase transport (AMPT) model [100].
Although a non-monotonic collision energy dependence
of the yield ratio NtNp/N2d has been reported in Ref. [48]
from a coalescence model study using nucleons from the
UrQMD model [65], the result is puzzling because of the
unexpected very different nucleon and light nuclei rapid-
ity distributions predicted from this study.
IV. SUMMARY
In this paper, we have used the nucleon coalescence
model to study light nuclei production in the most cen-
tral Au+Au collisions at
√
sNN = 7.7, 11.5, 19.6, 27, 39,
62.4 and 200 GeV. The input phase-space distributions
of (anti-)protons and (anti-)neutrons at kinetic freeze-
out for the coalescence calculations are generated from
the iEBE-MUSIC hybrid model using three dimensional
dynamical initial conditions and a crossover EoS. These
comprehensive simulations can nicely reproduce the mea-
sured pT -spectra of (anti-)pions, (anti-)kaons, and (anti-
)protons for Au+Au collisions at
√
sNN = 7.7− 200 GeV
(as shown in the appendix and in Ref. [83]). We have
found that the subsequent coalescence model calculations
can reproduce the measured pT -spectra and dN/dy of
(anti-)deuterons and (anti-)tritons and the particle ratios
of t/p within 10% of accuracy. However, the deviations
between the calculated and measured particle ratios of
d/p, d¯/p¯, and t/d increase to 15%, 20%, and 10%, re-
spectively.
Although the coalescence model reasonably describes
the pT -spectra and yields of light nuclei at various col-
lision energies, the predicted coalescence parameters of
(anti-)deuterons and tritons, B2(d), B2(d¯) and
√
B3(t),
decrease monotonically with increasing collision energy,
and the yield ratio NtNp/N2d stays almost constant with
respect to the collision energy. All these theoretical re-
sults fail to describe the non-monotonic behavior of the
corresponding measurements in experiments. We empha-
sis that the hydrodynamic part of our calculations with
a crossover EoS for all collision energies does not gener-
ate any dynamical density fluctuations, which are related
to the critical point and first-order phase transition, for
the subsequent nucleon coalescence model calculations.
According to Refs. [44, 45], non-trivial density fluctua-
tions in the produced hot QCD matter are needed to
describe this non-monotonic behavior. Our model calcu-
lations thus provide the non-critical baseline results for
comparisons with related light nuclei measurements at
the RHIC BES program. We leave the implementation
of an EoS with a critical point in the hydrodynamic evo-
lution and the inclusion of dynamical density fluctuations
to future studies.
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Appendix: pT -spectra of (anti-)pions, (anti-)kaons
and (anti-)protons
In this appendix, we present the iEBE-MUSIC hybrid
model calculations using the dynamical initialization and
string junction fluctuations for net baryon charges to
study the pT -spectra of (anti-)pions, (anti-)kaons, and
(anti-)protons in 0-10% central Au + Au collisions at√
sNN = 7.7, 11.5 19.6, 27, 39, 62.4, and 200 GeV.
Figure 5 shows that this model gives a good descrip-
tion of the pT -spectra of these identified hadrons. Such
quantitative descriptions, especially for the pT spectra of
protons and anti-protons, demonstrates that this three-
dimensional hybrid model, without any critical fluctua-
tions, can provide a reliable phase-space distributions of
nucleons for the subsequent coalescence model calcula-
tions of light nuclei production at various collision ener-
gies in the RHIC BES program.
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